make genomics and quantitative genetics approaches particularly attractive. Genes responsible 1 for phenotypic diversity can be identified using quantitative mapping approaches in progeny of 2 intercrossed species, association mapping in outbred animals, or tissue-specific transcriptomics 3 in behaving animals. To facilitate these approaches, high-quality genomes for five cichlid fishes 4 were generated (Brawand, Wagner et al. 2014) . It is anticipated that genetic variants and genes 5 responsible for a variety of interesting trait differences will be identified in the coming years.
6
Due to the difficulty of experimental study of cichlids in the laboratory, assignment of molecular 7 and biological function to genes relies almost exclusively on homology to proteins characterized 8 biochemically, or in model organisms such as Caenorhabditis elegans, Drosophila 9 melanogaster, Danio rerio, or Mus musculus. Homologous proteins share a common 10 evolutionary ancestry (Fitch 1970 ), suggesting shared biochemical and/or biological role, 11 justifying the use of homology to assign function to genes identified in cichlid fish. Proteins with 12 shared homology can be characterized as orthologs (which diverged from a common ancestor 13 due to speciation) or paralogs (which diverged from a common ancestor due to a gene 
19
Wagner et al. 2014). Cichlids also belong to the teleost infraclass of fish, whose ancestors have 20 undergone a genome-wide duplication event resulting in the duplication of a large number of 21 genes (Taylor, Braasch et al. 2003) . Gene duplication can allow resolution of adaptive conflict 22 by allowing a bifunctional ancestral gene to resolve into two specialized genes (Lynch and Force 23 2000). These gene duplicates have been proposed to play a role in the evolutionary success of 24 the teleost fish, which make up ~96% of all fish. Phylogenetic relationships could potentially be 25 used to identify the cichlid genes that have undergone subfunctionalization. For all of these 26 reasons, it would be helpful to place each cichlid protein into a phylogeny to aid in predicting the 27 gene function for a given cichlid gene.
28
In this report, we utilized the TreeFam database of protein phylogenies to create protein 29 phylogenies for all completely sequenced cichlid genomes. We analyzed these phylogenies to 30 determine evolutionary relationships for each of these cichlid genes. This data is available for 31 download or searching on a web server, and should be useful to any researchers studying 32 cichlid fish.
33

METHODS
1
Overview
2
We employed a phylogeny-based approach to study the function and evolution of <genes of 3 interest> taken from four East African cichlid species. Our aim was to assign each cichlid gene 4 to a pre-defined gene family to identify homologous proteins and their evolutionary relationship.
5
To accomplish this, we used TreeFam, a database of phylogenetic trees drawn from 109 animal 12 brichardi, and P. nyererei, were obtained from the supplemental dataset from the genome 13 sequencing paper (Brawand, Wagner et al. 2014 ). An improved genome for M. zebra was also 14 recently published; protein coding sequence and genome annotation files from this paper were 15 downloaded from NCBI (Conte and Kocher 2015) . Annotation files were parsed using custom
16
Python scripts and used to identify the longest protein isoform and amino acid sequence for 17 each gene. This was done to limit the phylogeny to one representative protein isoform for each 18 gene. To assign each of these proteins to a single TreeFam family, we utilized the 
22
we collected all of the protein sequences that best matched a given TreeFam to add these to 23 the preexisting phylogeny. Multiple sequence alignments and phylogenies for each TreeFam 24 were retrieved from a locally cloned SQL database with API utilities provided by TreeFam. We 
30
Identification of closest relationships to human and zebrafish proteins
31
For each cichlid protein, we used custom Python scripts to identify the closest human and 1 zebrafish protein using the phylogenetic tree produced by RAxML. The structures of each tree 2 were analyzed using the ETE toolkit, which provides a Python framework for analysis and 3 visualization of protein trees (Huerta-Cepas, Serra et al. 2016). Trees were rooted using a 4 midpoint outgroup method implemented by the get _ mi dpoint_ out grou p function. To find the 5 closest human protein and its evolutionary relationship with a cichlid protein of interest, the trees 6 were then traversed to identify the smallest subtree containing the cichlid protein and one or 7 more human protein. If such a subtree could not be found (i.e. there was no human protein in 8 the phylogeny), the relationship was defined as koeomolo g. If the subtree contained a single 9 human protein and a single cichlid protein from the cichlid species, the relationship was defined 10 as l rt holo g. If the subtree contained a single human protein and exactly two cichlid proteins 11 from the cichlid species, this relationship was defined as a eal fl rt holo g with the human protein.
12
Finally, if the subtree contained multiple human proteins, or more than two cichlid proteins from contained a hit to a preexisting TreeFam family (Figure 2) . Using the resulting phylogenies, we 
This data is intended as a resource for the cichlid community. We have provided access to this 13 data in three ways. 1. Two PDF files for each TreeFam were generated for the purposes of for each cichlid species that contain each gene, its best hit to a human and zebra fish gene, and 22 its evolutionary relationship to that gene. We anticipate this data will be useful for genomic scale 23 analysis. For example, the excel file can be loaded into scripts to automatically map cichlid 24 genes to human or zebrafish homologs. This could be useful for the purposes of pathway 
27
These will be useful for any researchers interested in automated analysis of the phylogenies for 28 the purpose of enhancing the evolutionary relationships that we have reported here. For 29 example, researchers could use this dataset to identify genes whose protein phylogenies 30 contradict the species phylogenies.
31
Example phylogeny generated from a tree containing members of the TGF superfamily
32
To illustrate these evolutionary relationships as well as common issues users should be aware 1 of in using these trees, we have included two figures of new phylogenies generated in this 2 analysis. Figure 3 shows a subtree of TF351789, which includes members of the TGF-3 superfamily of proteins including BMP2 and BMP4. These proteins are ubiquitous throughout 4 metazoans, and control proliferation and differentiation of cells throughout development 5 (Salazar, Gamer et al. 2016 ). This tree includes both ortholog and paralog relationships. For 6 example, the subtree indicated by a in Figure 3 shows ortholog relationships between the 7 cichlid proteins and human BMP4. These genes likely play similar biological roles in cichlids.
8
Similarly, subtree b contains cichlid orthologs to human BMP2 (with the exception of M. zebra, 9 which will be discussed below), suggesting these genes play similar biological roles as the 10 orthologs play in other species. There is also a cichlid-specific set of paralogs to BMP2 and 11 BMP4 not present in D. rerio (subtree c) suggesting that there was a duplication of BMP2 or 12 BMP4 in a recent common ancestor of all cichlid species following separation from the zebrafish 
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We observed a similar issue in the phylogeny surrounding the human IRX1 gene (TF319371)
26
( Figure S2) . The Treefam phylogeny suggests that D. rerio contained a single ortholog to this 27 gene while each of the cichlid species contained two copies of this gene. However, previous 28 publications demonstrate that there are also two versions of IRX1 in D. rerio (called irx1a and 
32
there are likely errors within the resulting phylogenies. Users would do well to manually verify or 33 repeat any of these phylogenies for genes they are especially interested in.
We also were curious about the lack of a clear ortholog to BMP2 in M. zebra (Figure 3) . It 1 seemed unlikely that this species could lose this protein entirely due to its essential function in 2 bone development. We were able to track down this discrepancy to an error in the annotation 3 file for M. zebra. Through blastp, we were able to identify mz.gene.s5.238 as a gene containing 4 a strong match to BMP2. mz.gene.s5.238, however, was assigned to the TF314677 family, and 5 predicted to be an ortholog to the human protein FERMT1. When we invested the protein 6 sequence more closely, it became clear that mz.gene.s5.238 appeared to contain a fusion of 7 two genes: an ortholog to BMP2 and an ortholog to FERMT1. Due to the longer length of (Figure 4) . All of the sequenced 27 cichlid species (along with zebrafish and other teleost fish) contain two genes that fall within this 28 clade. This phylogeny suggests that the function of the ancestral AVPR1A gene bifurcated into 29 two genes in an ancestor to the teleost lineage. While the phylogeny suggests that both of these 30 receptors should retain a molecular role in arginine vasopressin/oxytocin signaling, the 31 biological function of AVPR1A should not be assigned to either of the two genes in each cichlid 32 species. Rather, experiment will be necessary to parse out the biological function of each of 33 these two half orthologs. A recent paper characterizing the expression pattern of these two 1 receptors in zebrafish demonstrated that these two genes are expressed in similar but non-2 overlapping cell types (Iwasaki, Taguchi et al. 2013 ). This phylogeny also contains the human This study reports a set of protein phylogenies generated for four recently sequenced African 10 cichlids. We hope that these phylogenies will be useful for cichlid researchers for the purpose of 
